X-chromosome inactivation (XCI) in females is vital for normal brain function and cognition, as many X-linked genetic mutations lead to mental retardation and autism spectrum disorders, such as the fragile X syndrome (FXS). However, the degree by which XCI regulates disease presentation has been poorly investigated. To study this regulation in the mouse, here we quantified the brainwide composition of active-XC cells at single cell resolution using an X-linked MECP2-EGFP allele with known parent-of-origin. We present evidence that whole-brains, including all regions, on average favor maternal XCactive cells by 20%, or 8 million cells. This bias was conserved in heterozygous FXS mutant mice, which also corresponded to disease penetrance in maternal but not paternal FMR1 null mice. To localize the physical source of behavioral penetrance, brain-wide correlational screens successfully mapped mouse performance to cell densities in putative sensorimotor (e.g. sensory hindbrain, thalamus, globus pallidus) and sociability (e.g. visual/entorhinal cortices, bed nucleus stria terminalis, medial preoptic area) behavioral circuits of the open field sensorimotor and 3-chamber sociability assays, respectively. Overall, 50%/50% healthy/mutant cell density ratios in these sub-networks were required for disease presentation in each behavior. These results suggest female X-linked behavioral penetrance of disease is regulated at the distributed level of mutant cell density in behavioral circuits, which is set by XCI that is subject to parent-of-origin effects. This work provides a novel finding behind the broad and varied behavioral phenotypes commonly featured in female patients debilitated by X-linked mental disorders and may offer new entry points for behavioral therapeutics.
INTRODUCTION
X chromosome inactivation (XCI) is a process by which one of the two female X chromosomes -the maternally inherited Xm chromosome and paternally inherited Xp chromosome -is randomly chosen for transcriptional silencing through epigenetics during gastrulation of the embryo (1, 2). It is proposed that XCI exists as a normalizing mechanism with regard to the male XY counterpart, in which XC gene transcription originates from the only XC present, the Xm. Alternatively, XCI in females produces a mosaic, and/or zoned distribution pattern of both Xm and Xp-active cells throughout all somatic tissue.
The XC expresses more brain-specific genes than any other chromosome in both mouse and human (3) and many XC mutations give rise to mental disease such as Xlinked mental retardation (XLMR) and autism (e.g. Fragile X syndrome [FXS] ) (4) (5) (6) . Genetic-labeling experiments have illustrated mosaic distribution patterns of active-XC (XCa) cells within the female mouse brain (7) , which corresponds with broad and variable behaviors clinically described amongst female X-linked patients (8) . Research in mice additionally suggests the existence of a small but notable Xm-active bias in the brain (9) (10) (11) . However, the extent to which these and other unknown XCI brain factors play as behavioral determinants has yet to be sufficiently described. Achieving this end goal requires a quantitative approach capable of achieving cellular detection dynamically throughout the many spatial dimensions of the brain. The utility of such an approach, in combination with XCa labeling and X-linked disease mouse models holds potential to bridge XCI with the etiology of X-linked disease penetrance and behavioral traits.
RESULTS
We report the first quantitative description of cellular XCa distributions mapped throughout the whole-brain at single cell resolution. Our strategy focuses upon application of an automated whole-brain imaging and cell counting platform (12, 13) with female mice harboring the X-linked knock in MeCP2-EGFP fusion allele (14) (15) (16) (17) . We first determined the capacity of this allele to serve as an unambiguous cellular XCa reporter through immunohistochemical analyses performed amongst several brain areas of MeCP2 EGFP/EGFP (i.e. Xm/Xp-active) reporter brains ( Fig. 1S1A-B) . Accordingly, we determined that approximately all cells, as identified by DAPI staining, expressed MeCP2-EGFP (mean: 95%; range: 91-98%) and 88% were stained positive with the neuronal marker NeuN (range 78-98%). Most NeuN+ cells measured also expressed MeCP2-EGFP (mean: 88%; range 82-94%). Conversely, MeCP2-EGFP+ cells colabeled with NeuN widely varied widely across the brain, with highest and lowest colocalization found in the primary somatosensory cortex (94%) and brainstem (29%), respectively. The average combined MeCP2-EGFP+/NeuN+ colocalization amongst all brain regions examined was 62%. These observations importantly cross-validate previous reports that observed heterogeneity in neuron/non-neuron cellular ratios in different brain regions, which averages out to a final 68% neuronal composition within the entire brain (18) . Additionally, these data confirm that roughly all cell-types of the brain express MeCP2 (19) as indicated by the MeCP2-EGFP reporter allele's distribution. Therefore, we confidently selected this allele for use in faithful parent-of-origin-based cellular tracking of the XCa via MeCP2-EGFP cellular fluorescence.
We transmitted the MeCP2-EGFP reporter allele from both female and male breeders in order to label, quantify, and compare Xm-active or Xp-active cells, respectively, in separate groups of female offspring (Fig. 1A) . Serial 2-photon tomography (STP)-acquired whole-brain datasets were processed at 1 um X x 1um Y x 50 um Z resolution for both Xm-active (n=18) and Xp-active (n=19) reporter mice, and Xm/Xp-active reporter mice (n=6) were additionally imaged to serve as 100% cell count controls. We further enhanced the Z resolution to 2.5 um by post-hoc application of a 2D:3D correction factor (2.6x) determined beforehand and calculated offline (Fig.  1S2A,B) . Human experts benchmarked the performance of an automated MeCP2-EGFP+ cell detection algorithm used to process all samples ( Fig. 1S2C-E) . The composite Fscore determined for the MeCP2-EGFP algorithm was 0.86, or, 86% of human expert performance.
Whole-brain quantifications revealed significantly more labeled cells (20% or 8 x 10 7 ) in Xm-active (median: 2.4 x 10 7 ; SD: 4.5 x 10 6 ) than Xp-active reporter mice (median: 1.6 x 10 7 ; SD: 5.3 x 10 6 ; Mann-Whitney U = 62, p = 0.0006; Fig. 1A-C) . Xm/Xp-active reporter mice contained 3.9 x 10 7 ± 2.5 x 10 7 labeled cells (Fig. 1C) , which replicates findings by others (20) as well as the combined Xm-and Xp-active reporter means quantified here (4.02 x 10 7 cells, Fig. 1C ). Xm-active and Xp-active cell counts therefore represent a 60 and 40% composition, respectively, of the female mouse brain when expressed to either 100% control group values (i.e. Xm/Xp-active or combined heterozygous means). No change in MeCP2-EGFP+ cellular fluorescence intensity was observed amongst Xm-and Xp-active reporter groups (Fig. 1S2F,G) , signifying that these cell count differences are bona-fide parent-of-origin effects on XCa cell choice and cannot be attributed to an artifact of the genetic reporter.
To understand if the observed whole-brain Xm-active cellular bias is retained across all ontological divisions of the brain, whole-brain cell counts were next digitally segmented into 741 regions-of-interest (ROIs; Methods). Cell densities for each ROI were calculated and first compared amongst reporter groups across 9 major brain divisions: isocortex, olfactory area, hippocampal formation, cortical subplate, cerebral nuclei, thalamus, hypothalamus, midbrain, and hindbrain (Figs. 1D-G) . Accordingly, a 2-way ANOVA found a main effect of reporter group (F = 1, 315 = 125.5, p < .0001; Fig.  1D ). FDR-corrected multiple comparison post-hoc tests revealed significantly greater cell densities in the Xm-active reporter group amongst all major ROIs studied (Fig. 1D) . These results suggest that the whole-brain Xmactive cellular bias is evenly distributed across major subdivisions of the mouse brain. In addition, visualization and analysis of all segmented ROIs across these subdivisions allowed understanding of the percent XCa landscape for each sample (Fig. 1S3) . This depiction displayed a conserved ROI to whole-brain percent XCa cell density, with no apparent intra-brain patterns observed (Fig. 1S3B) . The average ROI to whole-brain difference in percent cell density across all samples and segmented ROIs was 0 (Fig.  1S3C) , suggesting that the XCI status of all brain regions closely resembles that of it's entirety. However, 95 th percentiles of individual ROI percent cell densities per sample represented a range of 15-52 cell density percent departure from the medians (Fig.  1S3D) , and standard deviations of 8-16% around the mean (Fig. 1S3E) . This underscores that the whole-brain to sub-region relationship of cellular XCI status is related, but not exact and/or partial to particular areas of the brain.
Because XCI defines cellular distributions of Xm-and Xp-active cells in the female brain, we next investigated how heterozygous inheritance of an X-linked mutation affects behavioral penetrance due to XCI. For this, we utilized a mouse model of FXS in which the expression of the X-linked FMR1 gene is disrupted (21 Fig. 2A) . A behavioral battery consisting of the open field (OFT), T-maze, and 3-chamber tests was used to assess levels of sensorimotor performance, spatial memory, and sociability, respectively (Fig. 2B) (Fig.  2C, left) . However, normalizing the center distance by total distance traveled revealed a significantly lower percent center distance traveled for maternal FMR1 KO (9.789% ± 3.748%; U=2.309, q=0.032) and not paternal FMR1 KO (11.9% ± 5.183%; U=33, q=0.80) mice when compared to FMR1 WT (13.08% ± 2.165%) mice (Fig. 2C right) . Spatial memory, as measured by percent alternation in the T-maze, was signifcantly reduced for maternal (47.67% ± 14.32%; U=12, q=0.037) but not paternal FMR1 KO mice (53.38% ± 18.63%; U=15.5, q=0.08) when compared to FMR1 WT mice (68.63% ± 14.11%; Fig. 2D ). Finally, we determined mouse sociability based on time spent with stranger mice in the 3-chamber test. A 3 (percent chamber time) x 3 (genotype) within subjects two-way ANOVA analysis of percent chamber time spent revealed a significant chamber by genotype interaction (F(4,44 = 3.214, p=0.02). FDR-corrected post-hoc comparisons confirmed a significant preference for FMR1 WT mice to spend time in the social stranger chamber (47% ± 7.4%) in comparison to center chamber (23% ± 3.9%, q<0.001) or empty chamber (31%, ± 7.1%; q<0.001). Paternal FMR1 KOs also showed a percent stranger chamber time preference (43% ± 6.6%) in comparison to center chamber (24% ± 7%, q<0.001) or empty chamber (33% ± 8.6%, q=0.024). Both FMR1 WT and paternal FMR1 KO mice significantly preferred to spend more time secondarily in the empty chamber versus center (FMR1 WT: q=0.029; paternal FMR1 KO: q=0.034). In contrast, maternal FMR1 KO mice showed no chamber preferences for stranger (37% ± 7.3%; q=0.34 vs center; q=0.19 vs empty), center (33% ± 7.5%; q=0.44 versus empty), or empty chamber (30% ± 6.7%) (Fig. 2E) . Between-subjects two-way ANOVA analysis also revealed a significantly reduced social chamber time spent for maternal FMR1 KO mice when compared to FMR1 WT littermates (q=0.018), and signifcantly more center chamber time when compared to both FMR1 WT (q=0.005) and paternal FMR1 KO (q=0.005) mice (Fig. 2S1A) . Sniffing interactions (Fig. 2S1B) , amount of behavioral freezing (Fig. 2S1C) , and distance traveled (Fig. 2S1D) (Fig. 2F) . When normalized by the Xm/Xp total cell density estimate, 0% paternal (left), and 75% maternal (right) FMR1 KO brains imaged displayed >50% mutant XCa wholebrain cell density (Fig. 2G) .
We next asked if FXS penetrance in maternal FMR1 KO carriers could be localized to healthy cell densities existing amongst individual or combinations of brain regions. For this, we conducted brain-wide correlational screens amongst ROIsegmented, healthy XCa cell densities with behavioral scores from each behavioral assay. This analysis revealed striking brain network-related patterns of healthy cell density correlation for OFT and 3-chamber scores within maternal FMR1 KO mice brains only (Fig. 3A, B, E; Fig. 3S1 ). Control FMR1 WT and paternal FMR1 KO mice both failed to elicit similar patterns of significant correlation or any ROI correlations when threshholded at p=0.01 (Fig. 3S1) . The OFT correlated ROIs showed no convergence with those of the 3-chamber. Specifically, hindbrain and thalamic ROIs composed 50% and 34% total ROIs for OFT and 0 and 2% for 3-chamber, respectively. No cortical or hippocampal ROIs were significantly related to OFT behavior whereas 25 and 23% of ROIs in these areas were related to 3-chamber performance (Fig. 3S1) . The majority of positive ROI healthy cell density correlations identified for OFT scores were located in thalamic (e.g. medial geniculate complex, medial (27)) (Figs. 3B, E; S1).
We hypothesized that the shared and related behavioral function of correlated ROIs demonstrates the presence of structural connectivity, or behavioral circuitry underlying FXS behavioral penetrance. For this purpose, normalized connection densities of OFT and 3-chamber correlated ROI networks were calculated using a structural connectivity matrix (28) (Knox et al, In-press). We tested for the presence of structural connectivity by comparing these experimental median values against those obtained from 1000 randomly sampled networks of the same ROI amount and total inter-ROI distance (Methods; th (3-chamber) percentiles of each sample network's distribution, thereby indicating that the networks exist as structurally connected sub-networks in the mouse brain.
To understand if behavioral performance can be predicted by healthy cell density defined specifically within the connectivity-defined behavioral networks, healthy cell density percent for each behavioral network of ROIs were next calculated and regressed against behavioral performance for each genotype (Fig. 4 A, D) . ROI network healthy cell density percent was found to be a significant predictor of mouse behavioral performance for maternal FMR1 KO mice in both OFT (F (1,6) = 21.55; p = 0.004, r 2 = 0.78) and 3-chamber assays (F (1,6) = 18.97; p = 0.005, r 2 = 0.76) ( Fig. 4D, bottom] ) behavioral performances, indicating that maternal FMR1 KO allele transmission presents FXS penetrance due to higher mutant cell density within these defined behavioral networks of brain regions. We subsequently determined how well healthy cell density percent within OFT or 3-chamber ROI networks could model and distinguish WT from mutant behavioral performance using data from all mice (n=22) studied (Fig. 4 B-C, E-F) . Likelihood-ratio tests performed on binary logistic regression models revealed that healthy cell density percent in ROI networks significantly predicts wild-type or mutant performance outcome in both OFT (x 2 (1) = 16.245; log-likelihood ratio = -14.4206; p = 0.00006) (Fig. 4C ) and 3-chamber (x 2 (1) = 8.8254; log-likelihood ratio = -12.891; p = 0.003) (Fig. 4F) assays. The equal-odds ratio of wild-type/mutant behavioral outcome was calculated at 55.20 ± 5.95% healthy cell density percent in the OFT ROI network and 49.18 ± 5.19% healthy cell density percent in the 3-chamber ROI network.
DISCUSSION
Random XCI in females is thought to provide a compensatory mechanism to balance X-linked traits and disease at the cellular level. We have quantitatively captured X-linked inheritance patterns in the female brain and by extension, the modes by which they govern a disease state. The average female mouse brain contained 20%, or 8 million more Xm-active cells than Xp, which lacked a preference of anatomical location. Wholebrain XCI status of individuals was globally represented across all regions studied with stochastic region-to-region fluctuations of up to 52%. Collectively, these features mechanistically linked behavioral penetrance of female FXS: maternal inheritance of the mutant allele was required for an underlying 50% mutant cell density threshold to be reached, allowing for FXS presentation in sensorimotor, spatial memory, and sociability behaviors. We confined this effect to structurally connected brain networks, or circuits, underlying arena exploration and sociability.
FXS occurs in human females preferentially upon maternal transmission (29, 30) , and leads to autism spectrum disorder (ASD) in 20% of cases (31) . FXS females exhibit anxiety, avoidance (32) , and hyper-reactivity (33) upon social stimuli. We show that maternal FMR1 KO mice avoid occupancy in the social chamber and the control empty cup chamber. Instead, they spend abnormally more time occupying and traveling within the center chamber. This effect was likely driven by the >50% mutant cell density found within an integrated circuit of ROIs characterizing spatial encoding (e.g. ENTm, VISl) and social (e.g. MPN, BST, DGmo) behavioral functions. Female FXS mice therefore provide a model which phenocopies human FXS social defects, and our data reveals the regional identity of a putative circuit underlying the behavior. Equally, exploratory drive to the center of the OFT sensorimotor assay was defective in maternal FMR1 KO allele carriers. This defect localized to >50% mutant cell density in a separate circuit of subcortical regions that communicate (e.g. VPL, POL, DCO, CN, SPVO) and integrate (e.g. NDB, MA, VLPO, ZI) sensory and motor (e.g. GPi, GPe) information. Abnormal sensory processing including sensory hypersensitivity is a hallmark feature in human FXS (34) and auditory hyper-excitability is used as a robust translatable biomarker of FXS in male FMR1 KO mice (35) . Our results therefore suggest involvement of the identified OFT circuit of ROIs in defective sensory processing and integration in human FXS patients. Taken together, the broad and various behavioral effects observed in FXS may manifest through a circuit-autonomous fashion, with each circuit separately relying on the balance of healthy/mutant cell ratios for proper functioning and behavioral output (Fig. 4B, E) .
In summary, we propose that FXS, and potentially other X-linked syndromes, is conditionally presented in females due to the distributed amount of transcriptionally active mutant cells populating behavioral circuits. XCI chooses X-linked circuit cell amount during development, and presents permissive or restrictive conditions on behavior pending the healthy/mutant cellular ratio reached. Unbalanced brain XCI and region-to-region stochasticity affect these ratios, thereby providing rules of female X-linked inheritance of behavioral traits and specifically at the level of circuits. Our results and others' underscore a 'cell quantity-based mutational load' theory of FXS behavioral penetrance, whereby the quantity of mutant cells regulate the overall effect on phenotype. Remarkably, a 50/50% balance in healthy/mutant cells may provide a threshold for penetrance: 50-100% healthy cell density in behavioral circuits prevents deficits in female sensorimotor and sociability behavior, and ectopic FMRP redelivery nonspecifically in 50% of cells has been shown to rescue male FMR1 KO repetitive behavior (36) , as well as motor, anxiety, and sensorimotor defects (37) . Future work within different behavioral paradigms and in other X-linked disease contexts will hopefully identify more circuits of penetrance and address the translatability of our current findings towards other disease, respectively. An underlying brain network basis of FXS penetrance presents a new avenue for therapy, albeit with the challenge of achieving spatial specificity in treatment. Exacerbation of symptoms can occur if viral treatment causes FMRP levels to rise past physiological levels, highlighting importance in female treatment specificity (37) . Future therapeutic ventures should therefore be guided by display of behavioral defects specifically presented on a patient by patient basis, and avoid pharmaceuticals that work non-autonomously across behavioral circuits of the brain. MeCP2-EGFP /Xm FMR1 KO ) double heterozygous female mice used for behavioral assays and whole-brain imaging. B) Sequence of behavioral testing performed. All mice were ovariectomized at least 2 weeks prior to open field test, T-maze, and 3-chamber test of sociability. Behavioral data used for analyses were from the same mice across assays. A subset of these mice was used for whole-brain imaging experiments. All tests were separated by 2-7 days. C-E) Behavioral assay results. C) Total distance traveled (left) and percent distance traveled in center of the arena (right) compared amongst FMR1 WT (n=8; left), maternal FMR1 KO (n=9; middle), and paternal FMR1 KO (n=8; right) genotype from the OFT. D) Percent alternation performance from the T-maze test of spatial memory. E) Percent time spent in stranger, center, or empty chamber during a 3-chamber test of sociability. *q<0.05; **q<0.01; ***q<0.005; ****q<0. Pearson's correlational analysis conducted amongst behavioral scores and brain-wide healthy ROI cell density. Data is displayed in a 2-dimensional (ROI -y-axis; genotype/behavioral test -x-axis) heat map of significant p-values represented on a double color gradient from 0.05 (black), 0.025 (red), to 0 (yellow). Scale legend is listed at the bottom. Results from FMR1 WT, maternal and paternal FMR1 KO mice (x-axis) are grouped by each behavioral test (left -OFT, center -T-maze, right -3-chamber) and ROIs are listed in order of major hierarchical brain structures. B) Significant ROIs (p=0.01 threshold) from maternal FMR1 KO OFT screening results found in A), heat mapped and overlaid in reference brain space. Individual names of significant ROIs and anterior/posterior location with respect to bregma are listed for each section shown. C) Visualization of structural connectivity weights within the significantly correlated OFT ROI network (Methods). ROI node and edge color assignment is based on major brain structure colors as defined by Allen Brain Atlas (http://atlas.brain-map.org). D) Normalized median connection density of OFT ROI network (red line), and 1000 insilico generated random ROI networks of the same inter-regional distance and ROI amount (gray). Data is compared and presented on a log10 scale. E-G) 3-chamber ROI network data presented and compared the same as panels B-D). ROI acronyms: B, C) VLPO -ventrolateral preoptic area; NDB -nucleus of the diagonal band; MAmagnocellular nucleus; PO -posterior complex of the thalamus; VPM/L -ventral posteromedial/lateral nucleus of the thalamus; PC -paracentral nucleus; RT -reticular nucleus of the thalamus; ZI -zona incerta; GPi -globus pallidus, internal; GPe -globus pallidus, external; SPFp -subparafacsicular nucleus, parvicellular part; LGv -ventral part of the lateral geniculate nucleus; LGd -dorsal part of the lateral geniculate nucleus; KF -Koelliker-Fuse subnucleus; V -motor nucleus of the trigeminal; PSV -principal sensory nucleus of the trigeminal; VCO -ventral cochlear nucleus; SG -supragenual nucleus; DCO -dorsal cochlear nucleus; VCO -ventral cochlear nucleus; SPVO -spinal nucleus of the trigeminal, oral part, E, F) PS -parastrial nucleus; BST -bed nuclei of the stria terminalis; AVP -anteroventral peoptic nucleus; AVPV -anteroventral periventricular nucleus; MPO -medial preoptic nucleus; LPO -lateral preoptic area; RSPAgl -retrosplenial cortex, agranular layer; DGmo -dentate gyrus, molecular layer; BLAp -basolateral amygdala, posterior; VISpm -posteromedial visual area; VISllateral visual area; ENTl -entorhinal area, lateral; ENTm -entorhinal area, medial , in which percent of healthy cell density in the OFT network determines if mice display altered sensorimotor ability or if the penetrance is buffered out due to lack of mutant cell amount needed for an effect. C) Logistic regression modeling of WT OFT behavioral performance probability due to percent of healthy cell density in OFT network. Grayed area represents ± 95% confidence intervals. D-F) 3-chamber (3C) network regression analyses. D) Linear regression of percent time spent in center chamber of 3-chamber due to healthy cell density percent in 3C network for FMR1 WT (top), maternal FMR1 KO (center), and paternal FMR1 KO female mice (bottom). E) Schematic depiction of 3C network analyses from A), in which percent of healthy cell density in the 3C network determines if mice display altered sociability or if the penetrance is buffered out. C) Logistic regression modeling of wild-type 3C behavioral performance probability due to percent of healthy cell density in 3C network. Grayed area represents 95% confidence intervals.
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MATERIALS AND METHODS
Animal breeding and husbandry. Adult mice (8-10 weeks old) were used for wholebrain imaging experiments. Animals were housed under a 12-hour light/dark cycle (0600 ON, 1800 OFF), had access to food and water ad libitum, and were housed with littermates. All experimental procedures were performed in accordance with CSHL Animal Care and Use Committee Guidelines. The MeCP2-GFP mouse line was obtained from the Jackson laboratory (stock # 014610). MeCP2 is a gene located at chromosomal position X A7.3 and is subject to XCI. Developed in the laboratory of Adrian Bird, this mouse line contains an in-frame EGFP knock-in cassette at the 3' UTR of the MeCP2 locus ((14-17). Driven and regulated by the endogenous MeCP2 promoter/enhancers, MeCP2-EGFP expression leads to normal MeCP2 levels and subcellular localization of MeCP2 protein that is fused at the C-terminus with EGFP. Expression of the fusion allele does not alter neuronal physiology (16) and mice are successfully bred to homozygosity without behavioral or reproductive complications (data not shown). In addition, strong expression of MeCP2-EGFP favors neurons of many types (15) GFP/Y males. Using this strategy, maternal FMR1 KO mice have healthy paternal XCa expression tracked with the MeCP2-EGFP allele while the reciprocal cross produces paternal FMR1 KOs with XCa cellular tracking through the maternal MeCP2-EGFP allele. All transgenic mice were maintained on a C57Bl6/J background.
Brain sample preparation. Animals were euthanized via transcardial perfusion under ketamine/dexmedetomidine anesthesia. Dissected brains were post-fixed overnight in 4% paraformaldehyde at 4 C, incubated for 48 h in 0.1 M glycine/0.1 M PB for auto fluorescent quenching, and then stored in 0.05 M PB at 4 C until confocal or serial twophoton tomography imaging (STPT; see below). Prior to STPT imaging, brains were embedded 4% oxidized agarose in 0.05 M PB using custom molds and holders to maintain consistent embedding position. Embedded brains were crosslinked in 0.2% sodium borohydrate solution for 3h at room temperature or overnight at 4 C prior to STPT processing (below).
Immunohistochemistry and confocal imaging. Neuronal expression of the MeCP2-EGFP allele was studied though immunostaining and confocal imaging. 50 um vibratome-processed, free-floating coronal sections of homozygous MeCP2 GFP/GFP reporter mice brains (n=2) were processed. Sections were washed 3 times in PBS followed by blocking for 1 h at room temperature in PBS-T (PBS, 0.2% Triton-X 100) containing 5% donkey serum. Sections were then incubated overnight at 4 C in blocking solution containing rabbit anti-NeuN (Millipore, ABN78) primary antibody at 1:1000. After washing, NeuN-stained sections were incubated with anti-rabbit AlexaFluor-568-conjugated secondary antibody (Thermo-Scientific, A10042) diluted 1:500 for 1 h at room temperature. After washing excess secondary antibody, sections were mounted, DAPI-counterstained (Prolong Gold Antifade Mountant, Thermo Fisher), and coverslipped for imaging. Confocal images were acquired with a Zeiss LSM780 confocal microscope using a 561 laser and corresponding dichroic and filter sets. Single plane images were captured with a 40x oil immersion objective. Total colocalized populations for each marker of every FOV (212.55 um X x 212.55 um Y) were manually quantified using Fiji image processing package.
STPT imaging. The Tissuecyte1000 instrument was used for all imaging experiments (Tissuevision) (12) . This system combines a high-speed multi-photon microscope with a fully integrated vibratome for automated z-sectioning and image acquisition throughout the entire whole-mount sample. Embedded sample brains were imaged with a 20x objective at 50 uM below the sample surface. 270 total serial sections were acquired at 50 um z-resolution (13.5 mm total z-length), with each section being comprised of a 12 (xaxis, 700 um) x 16 (y-axis, 700 um) field of view (FOV) mosaic. Images were acquired with laser scan settings of 1 um/pixel at an integration time of 1 us. A laser wavelength of 910 nm with ~322 mW power at the end of the objective was used for optimal excitation/emission of MeCP2-EGFP fluorescence. Constant laser settings and PMT detector settings were used for all samples.
Automated MeCP2-EGFP+ cellular detection and counting. Raw image tiles for each brain were illumination corrected, stitched in 2D with Matlab and aligned in 3D using Fiji software (12) . For reliable automated MeCP2-EGFP detection from full brain datasets, we implemented convolutional networks (CNs) (38) . CN training for detection of MeCP2-EGFP+ cells in the STPT datasets was accomplished as in previous studies (13) with CN training performed on human marked-up ground truth data (biological expert identified MeCP2-EGFP+ nuclei) of MeCP2-EGFP brains. CN performance was determined based on F-score calculations (F-score = the harmonic mean of the precision and recall, where precision is the ratio of correctly predicted cells divided by all predicted cells and recall is ratio of correctly predicted cells divided by ground truth positive cells; ~1800 MeCP2-EGFP+ cells were marked/expert/brain). Composite F-scores for MeCP2-EGFP CN was obtained by determining F-scores in 8 FOVs (400 (X) um by 400 (Y) um) representing different cellular density and imaging content in 3 separate heterozygous MeCP2-EGFP+ brains (24 FOVs total). Stable precision and recall was seen for all regions analyzed, delivering a composite F-score of 0.84 (Fig.1S2C-E) . In the CN output images, signal smaller than 10 μm 2 was removed as noise. In order to normalize the performance of CN for each brain, the brightness of MeCP2-EGFP+ signal for each sample was normalized by the mean and standard deviation of tissue autofluorescence signal from a coronal section corresponding to bregma position of +0.20 mm. We did not analyze MeCP2-EGFP+ cells in the cerebellum due to faulty brain-to-brain warping of this region (data not shown).
3D brain registration and anatomical segmentation.
Registration of individual brains to a standardized reference space was computationally achieved as published previously (13) . In short, affine transform was calculated using 4 resolution levels and B-spline with 3. Advanced Mattes mutual information (39) was the metric used to measure similarity between moving and fixed images. Image similarity function is estimated and minimized for a set of randomly chosen samples with each 23 images in a multi-resolution and iterative fashion (12) . Entire warping of whole-brain images is done using elastix (40) . Anatomical segmentation of Allen Brain Atlas (ABA) labels onto sample brains was made possible also as previously published (13) . Version 2.2 ABA labels (836 total) were transformed onto individually registered samples. Quality control of ROI segmentation found and excluded 95 ROIs total from analysis due to erroneous counting most likely caused by small ROI size and/or warping location (Supplementary Table 1) . In addition, cell counts from layer 6 a and b were combined into one layer, layer a.
2D-3D cell count correction and density measurements. Detected 2D cell count values obtained at 50 um Z resolution were transformed by a stereological 3D conversion factor obtained by the following way (Fig. 1S2A, B) . First, counting boxes of 200 um x 200 um x 50 um (xyz) were acquired at 2.5 um Z resolution via optical imaging within 6 brain regions comprising major anatomical divisions of a female heterozygous MeCP2-GFP mouse brain. 20 optical images were acquired at a depth range that spanned 50 um around the normal 50 um focal depth (i.e. 25-75 um below the tissue surface). Second, MeCP2-EGFP CN was run on the middle optical section corresponding to the 50 um depth. Third, manual markup of MeCP2-EGFP+ nuclei was performed in each counting box using the stereological counting rules of Williams and Rakic (41) . Lastly, a conversion factor for each region was calculated by dividing manual 3D counts by 2D CN count of the middle section. This factor was averaged over the 6 regions reaching a final conversion factor of 2.6. (Fig. 1S2B) . ROI cellular density was obtained by 1) transforming ABA labels onto individual brains, 2) converting ROI assigned pixel space to mm 3 , 3) dividing 2.5 um Z-corrected absolute cell counts by mm 3 values by to arrive at cells/mm3.
Behavioral testing. 6-8 month old ovariectomized female mice were behaviorally phenotyped in a sequential series of tests. All mice were ovariectomized at least 2 weeks prior to testing in order to remove estrous cycle influences from behavior. Each behavioral test was separated by 2-7 days to avoid acute post-testing and handling effects. Xm FMR1 WT /Xp MeCP2-GFP mice served as behavioral controls for all behaviors studied. The following tests were sequentially performed on each mouse:
Open field test (OFT).
To measure activity and anxiety in an open field, unhabituated mice were placed in a 40 x 40 x 40 cm2 open plexiglass box containing a layer of fresh bedding. The open field arena was located in a non-sound-proof, enclosed environment under dim lighting. All mice were housed in the same facility room behavioral testing was performed. An overhead camera visually captured all tests and ANY-maze (Stoelting) automated behavior tracking software was used for real-time activity/location recording and analysis. A 20 x 20 cm center square designated within the tracking settings defined the center and perimeter boundaries of the arena. The software measured total and center distance traveled. For center-specific activity, center distance was normalized to total distance traveled and presented as percent total distance traveled. Adequate cleaning of the maze with bleach, water and drying was performed between each mouse. Fresh bedding was added to the arena for each subject.
T-maze. We studied mouse spatial memory by measuring spontaneous spatial alternations in the T-maze (42, 43) . Spontaneous alternation is an innate exploratory behavior possessed by rodents which is hippocampus-dependent and serves as an index of spatial and working memory (42) . Our protocol was based off of the continuous version with minor modification (43) . The dimensions of the T-maze used was 35 cm stem length, 28 cm arm length, 10 cm arm height, and 5 cm lane width (Stoelting). For testing, the Tmaze was located in a non-sound-proof, enclosed environment under dim lighting. All mice were housed in the same facility room behavioral testing was performed in. To begin the test, each mouse was carefully placed at the stem start position of the maze and was freely allowed to enter either arm. To prevent the mouse from entering the other arm after its initial choice, a metal block was placed at the entrance of the empty arm once the subject committed exploration to an arm. The subjects were allowed to freely explore the chosen arm and stem until it explored back to start of the stem. Once the beginning position was reached, the mouse was held in-between the start position and a metal block placed proximally to the start position for 5 seconds. The metal block was then removed and the mouse was allowed again to enter an arm of its choice. Manual scoring of each arm choice and time to experimental completion was made after 14 trials. No more than 3 minutes/trial was allowed for each subject and encouragement was given to each subject at 3 minutes (in the form of hand movement behind the mouse) to return to start position. Mice that did not complete more than 9 trials were excluded from analysis. Adequate cleaning of the maze with bleach, water and drying was performed between each mouse. The number of trial-to-trial arm entry alternations (e.g. left-to-right or right-to-left) was calculated and expressed as a percent of total trials.
3-chamber test. Sociability was measured using the 3-chamber test. The 3-chamber apparatus used consisted of a plexiglass box (60 x 40 x 22(h) cm) partitioned into 3 chambers (20 cm/each) (Stoelting). Doors (4 x 8 cm) connecting chambers allowed the mice to freely explore all areas of the box. The apparatus was located in a non-soundproof, enclosed environment under dim lighting. All mice were housed in the same facility room that behavioral testing was performed in. An overhead camera visually captured all test sessions and ANY-maze (Stoelting) automated behavior tracking software was used for real-time activity/location recording and analysis. Chamber designations in tracking software were user-defined and used for chamber-specific activity measurements. Two metal-barred cylindrical cages (7 cm (diameter) x 15 cm (height); 3 mm bar diameter and 7 mm spacing) were used for stranger mouse containment in one chamber and for an empty enclosure in the opposite-sided chamber. The cage bars are spaced such that close sniffing is the only interaction type possible. Ovariectomized adult female FMR1 WT mice were used as stranger mice and were habituated to an enclosure cage for 10 minutes at least 1 day prior to any experiments. Each stranger mouse (n=8) was used 4 times only and were rotated every 4 experiments for use. Test mice were habituated to an empty 3 chamber apparatus for 10 minutes prior to actual experiments. For testing, mice were allowed to freely explore all chambers for 10 minutes. For each experiment the enclosed stranger mouse was placed in the left chamber and the empty enclosure on the right. Chamber time spent and distance traveled was quantified for each chamber. Percent time spent or distance traveled was calculated as total value/individual chamber value.
Quantification of structural connectivity within correlated brain networks of ROIs.
We determined if OFT and 3-chamber correlated ROIs groups (i.e. all ROIs reaching p<0.01 correlation; herein referred to as "networks") represented structural connectivity networks by comparing the median ROI network connection weight to a distribution of randomly sampled networks of the same size for both tasks. We use the normalized connection density, a measure of connection strength normalized by both source and target region sizes, from the regional structural connectivity matrix (44) . We restricted the population of structures for each network to ROIs from which we could draw to an intermediate level of the ontology represented by 292 'summary structures' (28) . The intersection of these summary structures with the sets of ROIs for each task resulted in sets of 39 and 13 ROIs for the open field and 3-chamber tasks, respectively. Additionally, since mesoscale connectivity is distance dependent (28) and the model in Knox et al is spatially dependent (44), we restricted the selection of random ROI networks to have similar inter-regional distance dependence as that of their respective cell density correlated ROI networks.
The procedure for this selection is as follows:
Given a set of N cell density correlated summary structure level ROIs: 1) Randomly draw a set of N regions from the set of summary structures. 2) Compute the pairwise inter-regional distances for the set of sampled regions. 3) Compute the Kolmogorov-Smirnov statistic to measure the difference in distributions of distances for the sampled and cell-count correlated networks a) If the KS statistic shows a significant difference in distributions (having a p-value < 0.01), reject the sample and return to (1). b) Else, return the sample The above procedure is repeated 1000 times, after which the median normalized connection density of the experimental ROI networks is compared to the distribution of random sample medians. Since these connectivity measures are log-normally distributed (28, 44) , the t statistic is computed in log-transformed space to test the significance of the difference. Visualization of ROI-ROI connectivity for each ROI network was created with Cytoscape network visualization and analytical program. Significantly correlated ROIs of the deepest ontological distance from root structures were chosen for visualization, except for the ROIs not annotated at the summary structure level and hence not found in the structural connectivity matrix. Those ROIs included: BSTmg, BSTpr, BSTif, BSTpr, PVHap, TTv3, isl, islm, MPNc, MPNl, PAA3, and COApl3. Logtransformed normalized connection densities were used for edge sizes. Edges with sizes < 0 were excluded from the visualization. Between centrality values, a measure of a given node's intermediate relationship to all other nodes of a network, were calculated within Cytoscape and used as node/ROI size. Both edge and node sizes were scaled for figure presentation purposes accordingly. ROIs chosen for visualization represent those reaching p<0.01 from the correlational screens, and Statistics. Whole-brain absolute cell counts were compared amongst Xm-active and Xpactive reporter brains using an unpaired Mann-Whitney U non-parametric t-test. A twoway (2 [Xp or Xm] x 9 [major brain structure]) ANOVA was applied to compare parentof-origin of reporter allele amongst cell densities of major brain structures. The False Discovery Rate (FDR) method of Benjamini, Krieger, and Yekutieli was used for correcting multiple comparison post-hoc tests of individual comparisons at every structure. Comparisons of genotype amongst OFT and T-maze scores were compared using unpaired Mann-Whitney U t-tests. FDR-corrected post-hoc test comparisons were made against FMR1 WT and maternal or paternal FMR1 KO mice scores. Percent chamber time spent and percent distance traveled were compared amongst genotypes and chamber using 3 x 3 factor two-way ANOVAs. Significant within-group differences amongst chambers and between-group differences amongst genotypes were tested with FDR-corrected post-hoc tests. Correlational screens of the association between cell density and behavioral score across 741 ROIs was performed with Pearson's correlation. In this analysis, we did not correct the p-values against Type I error risk, in favor of revealing ROI networks that share behavioral dependencies/relationships. Common correction algorithms such as FDR correct at the family-wise error level and therefore could mask such interdependencies thereby reducing the power and overall intent of the screen. Instead, ROIs with p values less than 0.01 only were visualized in reference brain space and used for downstream analyses. Logistic regression was performed on ROI network healthy cell density percent as the continuous, independent variable and WT performance as the categorical, dependent variable. Mice (n=22) from all genotypes were categorized as WT or mutant performers for each test based on the performance range of FMR1 WT mice. A likelihood ratio test was performed on each logistic model to determine statistical significance. All statistical testing was performed with Graphpad Prism software version 7.0 and R (R Core Team). Alpha level was set at 0.05 in all analyses except for ROI network modeling whereby all ROIs included for analysis obtained correlational p-values < 0.01.
